Polymyxins have emerged as a last-resort treatment of extensively drug-resistant (XDR) Gram-negative Bacillus (GNB) infections, which present a growing threat. Individualized polymyxin-based antibiotic combinations selected on the basis of the results of in vitro combination testing may be required to optimize therapy. A retrospective cohort study of hospitalized patients receiving polymyxins for XDR GNB infections from 2009 to 2014 was conducted to compare the treatment outcomes between patients receiving polymyxin monotherapy (MT), nonvalidated polymyxin combination therapy (NVCT), and in vitro combination testing-validated polymyxin combination therapy (VCT). The primary and secondary outcomes were infection-related mortality and microbiological eradication, respectively. Adverse drug reactions (ADRs) between treatment groups were assessed. A total of 291 patients (patients receiving MT, n ‫؍‬ 58; patients receiving NVCT, n ‫؍‬ 203; patients receiving VCT, n ‫؍‬ 30) were included. The overall infection-related mortality rate was 23.
I
nfections caused by extensively drug-resistant (XDR) bacteria are emerging as a serious threat worldwide, including Singapore (1, 2) . These resistant bacteria display nonsusceptibility to at least one antibiotic in all but two antimicrobial categories or less (i.e., the bacteria are susceptible to antibiotics in only one or two antimicrobial categories) (3) . XDR infections are often associated with nosocomial infections (2) , posing a severe hazard to public health care in terms of increased cost, morbidity, and mortality (1, 4) . XDR Gram-negative Bacillus (GNB) infections are of particular concern due to the paucity of existing antibiotics available for efficacious treatment, and this concern is compounded by the drying pipeline of new antibiotics for the treatment of GNB infections (5) .
Polymyxins, an old class of antibiotics consisting of polymyxin B and colistin (polymyxin E) in the form of the prodrug colistimethate sodium (CMS), have experienced a resurgence as lastresort options for the treatment of XDR GNB infections (6) . Inevitably, in recent years, increasing numbers of reports of polymyxin heteroresistance have surfaced from in vitro studies (7) (8) (9) (10) (11) (12) (13) . Some studies have indicated that synergistic effects can be achieved by combining polymyxins with other antibiotics, in turn leading to enhanced bactericidal activity and increased suppression of heteroresistance (7) (8) (9) (10) (11) . For this reason, the use of polymyxin-based combination therapy instead of polymyxin monotherapy (MT) has been advocated. To date, the theoretical advantage of polymyxin-based combination therapy for the treatment of XDR GNB infections has not yet been realized in the majority of the published clinical studies (6, (14) (15) (16) (17) (18) (19) . In several of these studies, the reported outcomes reveal inconclusive results as to whether monotherapy or combination therapy is the superior option (14) (15) (16) (17) (18) (19) . It should be noted that the polymyxin-based antibiotic combinations that are employed in most of these studies are based on expert opinion and are not guided by any in vitro combination testing methods. Hence, any added therapeutic efficacy that the combination therapy possesses over monotherapy may have been potentially negated by the presence of strain-specific resistance of the XDR GNB to the polymyxin-based combinations chosen in these studies.
At Singapore General Hospital (SGH), a modified time-kill method known as multiple-combination bactericidal testing (MCBT) has been developed and used since 2009 to provide the in vitro combination testing-guided selection of antibiotic combinations effective against individual strains of XDR GNB in individual patients (20, 21) . To the best of our knowledge, no other institution has used in vitro methods to prospectively guide polymyxin-based combination therapy for the clinical management of XDR GNB infections in individual patients. MCBT is carried out immediately after an infectious disease (ID) physician requests that a certain XDR GNB isolate be tested. The MCBT result is reported to the ID physician by an ID pharmacist within 48 h of the request.
In this study, we aimed to compare and evaluate the clinical efficacy of polymyxin combination therapy validated/guided by MCBT with nonvalidated/unguided polymyxin combination therapy and polymyxin monotherapy in the treatment of XDR GNB infections.
MATERIALS AND METHODS

Study design.
A multicenter retrospective cohort study of patients who were treated with polymyxins for XDR GNB infections during the period from 2009 to 2014 was conducted. The medical institutions involved were SGH, a 1,700-bed public acute tertiary care hospital, and Mount Elizabeth Orchard Hospital, a 345-bed private acute tertiary care hospital. The study was approved by the institutional review board of each hospital.
Study population. All patients with suspected XDR GNB infections and prescribed polymyxins from 2009 to 2014 were identified from each hospital's electronic pharmacy database. Patients were included in the study if (i) an XDR GNB infection (evidenced by positive cultures and clinically diagnosed by an ID physician) was present, (ii) the XDR-GNB infection was treated with polymyxins for at least 48 h, (iii) the patients were adequately treated for any other concomitant non-XDR GNB infections, and (iv) the XDR GNB isolate was polymyxin sensitive. Polymyxin use was defined as the use of intravenous (i.v.) polymyxin B, i.v. CMS, or nebulized CMS administered alone or in combination with an i.v. polymyxin(s). Patients with XDR GNB cultures assessed to be colonizers or contaminants or who had incomplete patient records were excluded.
The patients included in the study were classified into one of the three treatment groups based on the type of treatment received. To be classified into the individual treatment groups, each patient had to receive the treatment defined for the group for at least 48 h. For antibiotics administered at dosing frequencies of more than 24 h between doses, e.g., in renal function-adjusted dosing regimens, at least two doses had to be administered. No patient was classified into more than one group. Polymyxin monotherapy (MT) was defined as treatment with a polymyxin(s) not overlapping with any other antibiotic for the treatment of GNB infections for the entire course of polymyxin therapy. Nonvalidated polymyxin combination therapy (NVCT) was defined as treatment with a polymyxin(s) overlapping with another antibiotic(s) for the treatment of GNB infection, regardless of whether the antibiotic was meant to be used for the treatment of the XDR infection or for the expansion of the antimicrobial spectrum, at any time during the course of polymyxin therapy. Validated polymyxin combination therapy (VCT) was defined as treatment with a polymyxin-based antibiotic combination selected on the basis of MCBT results at any time during the course of polymyxin therapy.
Microbiology. GNB isolates were identified. Susceptibility testing to, and MICs of, various antibiotics were determined using the Kirby-Bauer disk diffusion method (22) and the Etest method (23) , respectively, and the results were interpreted according to the latest Clinical and Laboratory Standards Institute criteria (13) . A XDR GNB was defined as a GNB with nonsusceptibility to at least one agent in all but two antimicrobial categories or less (i.e., the bacterial isolates remained susceptible to antibiotics in only one or two categories). Upon request for MCBT by the attending clinicians, the implicated GNB cultures were sent to the SGH pharmacy anti-infective laboratory. Antibiotic combinations active in vitro were identified using the MCBT method, and appropriate individualized pharmacokinetics/pharmacodynamics-based regimens were recommended by an ID pharmacist.
Data collection and definitions. Patient demographics, concomitant comorbidities, characteristics of the infection, treatment details, and patient outcomes were extracted from the medical records.
The Charlson comorbidity index (CCI) (24) and Acute Physiological and Chronic Health Evaluation II (APACHE II) (25) score were calculated on the day of initiation of polymyxin treatment as a gauge of the patient's risk of death on the basis of concomitant comorbidities and disease severity, respectively. The specific site of infection was determined on the basis of the attending clinician's diagnosis and was redesignated into the broad categories of sites of infection defined by the Centers for Disease Control and Prevention (CDC) (26) .
An adequate i.v. polymyxin dose was defined as i.v. polymyxin B doses of at least 20,000 IU/kg of body weight/day administered in two divided doses (27) and/or i.v. CMS doses consisting of a loading dose equivalent to 9 ϫ 10 6 IU and minimum maintenance doses equivalent to 9 ϫ 10 6 IU/day administered in two or more doses (28) . It was assumed that both polymyxins exhibited the same efficacy and toxicity if they were given at adequate doses. An adequate nebulized CMS dose was defined as a minimum of 3 ϫ 10 6 IU/day administered in three separate doses (29) . Infection-related mortality and microbiological eradication were the primary and secondary outcomes of the study, respectively. Infectionrelated mortality was defined as in-hospital mortality secondary to the XDR infection(s), as evaluated by the attending ID physician. In-hospital patient mortality that occurred after the documented clinical resolution of the infection was not considered to be infection related. Microbiological eradication was defined as two consecutive XDR-GNB-negative cultures of clinical samples obtained from the site of infection. If samples for follow-up cultures were unavailable, microbiological eradication was assumed when clinical resolution of the infection was documented and the patients were discharged well with no readmission in the next 30 days for the same XDR GNB infection. In addition, microbiological noneradication was assumed if the patient experienced infection-related mortality and samples for follow-up cultures were unavailable.
Reported adverse drug reactions (ADRs) and resolution of these incidents were also recorded. Incidences of nephrotoxicity documented in the patient's case notes were recorded, and the severities were classified according to the RIFLE (risk, injury, failure, loss of kidney function, and end-stage kidney disease) criteria (30) . Other ADRs, such as hepatotoxicity and neurotoxicity, were also recorded. ADRs were considered to be unresolved if the patients experienced mortality before complete resolution of the ADRs.
Statistical analyses. All statistical analyses were performed using Stata 13 software. Continuous variables were compared using the Mann-Whitney U or Kruskal-Wallis test, and categorical variables were compared using either Pearson's chi-square test or Fisher's exact test, as appropriate. Continuous and ordinal data were expressed as medians and ranges; categorical data were expressed as the number and percentage of incidences. All tests were two-tailed, and a P value of Յ0.05 was considered significant.
To identify independent predictors of infection-related mortality, covariates with clinical plausibility and P values of Յ0.2 in the univariate mortality analysis were entered into the logistic regression multivariable model in a forward stepwise manner. Variables between each treatment arm were also compared in order to identify potential confounders that may have contributed to differences in infection-related mortality. Covariates with P values of Յ0.2 in the univariate treatment arm analysis were additionally included in the model to adjust for confounding due to differences in treatment groups. The results of the logistic regression were expressed as the adjusted odds ratio (aOR) and 95% confidence interval (CI).
RESULTS
Study population.
From 2009 to 2014, there were 742 patients who had a suspected XDR GNB infection and were prescribed i.v. polymyxins. Four hundred fifty-one patients did not meet the study inclusion criteria and were excluded from the study; 291 patients fulfilled the criteria for study inclusion and were included in the analysis (Fig. 1 ). Of these, 58 patients received MT, 203 patients received NVCT, and 30 patients received VCT.
Patient characteristics stratified by treatment groups. We describe the patient baseline characteristics, stratified by treatment group, in Table 1 . Upon comparison of the baseline characteristics, it was observed that the VCT group had a significantly higher CCI (median, 4.5; range, 0 to 14; P Ͻ 0.001) and APACHE II score (median, 16; range, 5 to 31; P ϭ 0.023) than the other groups. The proportions of patients with skin and soft tissue infections (3.3%, P Ͻ 0.001) and urinary tract infections (0%, P ϭ 0.038) were significantly lower in the VCT group. The XDR GNB involved was also significantly different between the three groups: Acinetobacter baumannii was more prevalent in the MT and NVCT groups (P Ͻ 0.001), while Klebsiella pneumoniae (P ϭ 0.006) and Pseudomonas aeruginosa (P Ͻ 0.001) were more prevalent in the VCT group.
Overall, the median time from the time of the culture isolation to the time of receipt of polymyxin therapy for the treatment of the XDR-GNB infections was 3 days (range, 0 to 79 days). Two-hundred thirty-six patients received i.v. polymyxin B, while 47 patients received i.v. CMS. In addition, 108 patients received nebulized CMS with or without i.v. polymyxins. The median i.v. polymyxin B and i.v. CMS doses administered to the patients across all treatment groups were 21,949 IU/kg/day (range, 2,315 to 45,977 IU/kg/day) and 3,800,000 IU/day (range,1,000,000 to 9,000,000 IU/day), respectively. All patients in the VCT group were maintained on adequate i.v. polymyxin B or i.v. CMS doses for the entire treatment duration; in contrast, patients in the NVCT group were maintained on adequate i.v. polymyxin B or i.v. CMS doses for only half of the treatment duration (median proportion of polymyxin treatment days on adequate i.v. polymyxins in the NVCT group, 0.52 [range, 0.00 to 1.00]).
Patient outcomes. The overall infection-related mortality rate was 23.0% (67 patients). Upon a crude comparison of the 3 groups, 13 (22.4%), 50 (24.6%), and 4 (13.3%) patients in the MT, NVCT, and VCT groups, respectively, died (P ϭ 0.387). A high rate of bacteriological eradication was observed (222/291, 76.3%), with bacteriological eradication being achieved in 77.6%, 74.4%, and 86.7% of the patients in the MT, NVCT, and VCT groups, respectively, (P ϭ 0.325). All patients who did not have infectionrelated mortality experienced microbiological eradication, except for two patients from the NVCT arm (98.2%): one was discharged against medical advice and lost to follow-up, and the other patient was terminally discharged due to medical futility (worsening pneumonia despite prolonged antibiotic therapy). Two patients died due to the XDR-GNB infection, despite having two consecutive negative cultures of samples from the site of infection. We further described the types of antibiotics used in combination with polymyxins in the NVCT and VCT groups and the respective infection-related mortalities observed with each type of combination therapy in Table 2 . As shown, polymyxins in combination with carbapenems were most commonly em- Median (range) avg no. of IU of nebulized CMS/day administered to each patient 6,000,000 (3,000,000-6,000,000) 6,000,000 (2,860,000-9,000,000) 6,000,000 (6,000,000-6,000,000) 0.122
Median (range) proportion of treatment days with adequate i.v. polymyxin doses e 0.00 (0.00-1.00) 0.52 (0.00-1.00) 1.00 (1.00-1.00) Ͻ0.001
(Continued on following page) ployed in both the NVCT group (61.1%) and the VCT group (66.7%). For each individual polymyxin combination, lower rates of infection-related mortality were observed in the VCT group than the NVCT group. Observed incidences of possible toxicities attributed to antibiotic use are summarized in Table 3 . Overall, one or more ADRs occurred in 119 (40.9%) patients. Nephrotoxicity was the most common ADR, occurring in 86.6% of all patients who experienced ADRs. VCT was not associated with a higher incidence of ADRs than NVCT and MT (P ϭ 0.215). Overall, ADRs were well managed, and the majority was resolved upon discharge (73.1%), with no differences between treatment arms being observed (P ϭ 0.545). Thirty-two (26.9%) patients did not experience resolution of their ADRs; of these, 26 patients died before resolution of the ADRs. For the remaining 6 patients, 4 patients experienced nephrotoxicity but had trends of improving serum creatinine levels at the point of discharge. The other 2 patients displayed no signs of improvement in the ADRs: one patient experienced potentially irreversible hyperpigmentation attributed to polymyxin B, and the other experienced end-stage kidney disease and had to undergo dialysis.
Risk factors associated with in-hospital mortality. The results of bivariate analysis, stratified by the presence or absence of infection-related mortality, are shown in Table 4 . We observed that the group with infection-related mortality was significantly younger (median age, 58 years; P ϭ 0.047) and had a higher median CCI (median CCI, 4; P Ͻ 0.001) and a higher median APACHE II score (median APACHE II score, 18; P Ͻ 0.001). The group with infection-related mortality also had a significantly higher proportion of cases of nosocomial pneumonia (67.1%, P Ͻ 0.001) and secondary bacteremia (28.4%, P ϭ 0.019). In the multivariable analysis, treatment of XDR GNB infections with MT (aOR, 8.49; 95% CI, 1.56 to 46.05) and NVCT (aOR, 5.75; 95% CI, 1.25 to 25.73) was associated with a risk of infection-related mortality approximately 8 times and 6 times, respectively, compared to that from treatment with VCT after adjusting for potential confounders (i.e., VCT was associated with a significantly lower risk of infection-related mortality than MT and NVCT) ( Table 5) . A higher APACHE II score (aOR, 1.14; 95% CI, 1.07 to 1.21) and a higher CCI (aOR, 1.28; 95% CI, 1.11 to 1.47) were also independently associated with an increased risk of infection-related mortality.
DISCUSSION
This is the first study to evaluate the clinical efficacy of MCBTguided polymyxin-based treatments of XDR GNB infections and compare it with that of unguided polymyxin-based antibiotic combinations and polymyxin monotherapy. We showed that the use of MCBT-guided polymyxin-based combination therapy for the treatment of XDR GNB infections was independently associated with a decreased risk of infection-related mortality.
Use of a combination of polymyxins with another antibiotic for the treatment of polymyxin-susceptible GNB was first proposed to overcome some shortcomings of polymyxin monotherapy, such as the potential for therapeutic failure due to the presence of polymyxin heteroresistance (7, 8, 10, 11) . Against isolates with high polymyxin MICs (Ն2 mg/liter), polymyxins may achieve only limited bacterial killing, considering the unbound polymyxin concentrations that are achievable in patients (31, 32) . Hence, while monotherapy may be appropriate for patients with less severe infections caused by isolates which are highly susceptible to polymyxins, critically ill patients with deep-seated infections or infections caused by isolates with high polymyxin MICs would likely benefit the most from rationally optimized polymyxin combination therapy. In addition, a number of recent studies have suggested that polymyxin monotherapy may be inferior to therapy with other drugs for the treatment of GNB, further corroborating the idea that combination therapy is necessary (33, 34) .
Like previous nonrandomized studies, we observed large variability in the baseline and treatment characteristics between the treatment groups in our study (35, 36) . It is noteworthy that patients in the VCT group had significantly more comorbidities, higher APACHE II scores, and higher incidences of secondary bacteremia (bacteremia complicating a primary infection site). Despite this, patients in the VCT group still had lower mortality rates (13%) than patients in the other two groups (for patients receiving MT, the mortality rate was 22%; for patients receiving NVCT, the mortality rate was 25%), although these differences in mortality rates were not statistically significant in the unadjusted comparison of the treatment groups. Unlike patients in the MT or NVCT group, all patients in the VCT group received adequate i.v. polymyxin doses for the entire treatment duration. This can be attributed to the fact that when an MCBT result is reported, the corresponding antimicrobial doses selected to maximize the probability of achieving the target values for the pharmacokinetic/pharmacodynamic parameters in the specific patient are also simultaneously recommended to the ID physician by the ID pharmacist. This is in contrast to the situation for patients in the MT and NCVT groups, whereby antimicrobial doses were selected on the basis of the individual physician's discretion and may be reduced out of a fear of nephrotoxicity. Furthermore, some physicians also opted to reduce the doses of i.v. polymyxins for patients in the NVCT group, based on the belief that lower doses of each antibiotic were needed due to the presence of synergism when antibiotics are employed in combination.
To account for potential confounding due to differences in baseline and treatment characteristics, we performed a multivariable regression analysis to elucidate factors that were independently associated with infection-related mortality in our study cohort. In addition to the stepwise inclusion of variables that were found to be different (P Ͻ 0.2) between patients who died and those who did not die, we also included variables that were different between the treatment groups to account for potential selection bias. Of note, our final model accounted for the severity and type of illness in the patient, the proportion of patients receiving appropriate i.v. polymyxin doses, as well as the differences in the causative GNB organisms. After adjusting for potential confounders in baseline characteristics, we found that treatment of XDR GNB infections with MT and NVCT was associated with approximately 8 times and 6 times the risk of infection-related mortality, respectively, compared to that with treatment with VCT. In other words, VCT was associated with a significantly lower rate of infection-related mortality than MT and NVCT in our adjusted analysis. A higher APACHE II score and a higher CCI were also found to independently increase the risk of infection-related mortality, which may explain the lack of a treatment effect of VCT in the unadjusted analysis, given the significantly higher APACHE II score and CCI in the VCT group. The incidences of nephrotoxicity were similar across all treatment groups, despite the fact that the polymyxin doses in the VCT arm were higher than those in the NVCT or MT arm, The rates of nephrotoxicity observed in our study were comparable to the rates reported in previous studies, which ranged from 23 to 46% (14, 19, 37) .
The findings of our study were similar to those of a previous study (35) . Shields et al. compared the use of colistin-based antibiotic combinations guided by in vitro testing to those unguided b These patients experienced electrolyte imbalances due to nephropathy without a concomitant rise in the serum creatinine level of Ն1.5 times the baseline level (a requisite for the least severe grade of nephrotoxicity under the RIFLE criteria). c Includes incidences of nephrotoxicity classified under the RIFLE criteria and those that do not meet its requirements. d Others included hyperpigmentation (n ϭ 2), drug-related exanthem (n ϭ 5), drugrelated fever (n ϭ 1), bronchospasm (n ϭ 1), phlebitis (n ϭ 1), nausea and vomiting (n ϭ 3), diarrhea (n ϭ 3), abdominal pain (n ϭ 1), thrombocytopenia (n ϭ 1), leukopenia (n ϭ 1), and pancytopenia (n ϭ 1). by in vitro testing for the treatment of XDR A. baumannii infections and observed improved outcomes with in vitro testingguided combinations (35) . The authors postulated that the poor outcomes observed in patients treated with previously reported antibiotic combinations were due to different mechanisms of resistance in the strains of XDR A. baumannii present in their patient population. This concept appears to be highly applicable in our study, particularly in view of the varied resistance genotypes harbored by local XDR GNB isolates (21) . Our study findings lend further credence to the concept that polymyxin combinations selected on the basis of information previously published in the literature or anecdotal experience will likely be inadequate due to strain-specific resistance and that the selection of individualized polymyxin-based combinations through individualized prospective testing is necessary for the treatment of infections caused by unique strains of XDR GNB in individual patients. Our study is not without limitations. First, like most retrospective and nonrandomized studies, we observed significant differences in baseline characteristics between the treatment groups, which may result in confounding. In an attempt to address the most important confounders, we conducted a multivariable regression analysis, ensuring that statistically significant confounders with clinical plausibility were maintained in our final multivariable model. However, we acknowledge that such analyses cannot control for unknown confounders. Furthermore, the nonrandomized nature of the study may have led to potential bias (e.g., selection bias), which cannot be fully addressed using a multivariable regression model. Second, patients with infection-related mortality received a significantly lower proportion of appropriate i.v. polymyxin doses over the treatment duration. This highlights the importance of appropriate polymyxin doses in ensuring good patient outcomes, as suggested by multiple recently published pharmacokinetic/pharmacodynamic and clinical studies (32, 38, 39) . Unfortunately, we were unable to conduct a subgroup analysis to determine if the outcomes for patients in the MT and NVCT groups with fully adequate i.v. polymyxins (i.e., adequate i.v. polymyxin doses for 100% of the entire treatment duration) were comparable to those for patients in the VCT group with fully adequate i.v. polymyxins. This is because the i.v. polymyxin doses administered to each patient were often changed during the treatment duration, particularly in the MT and NVCT groups. Hence, too few patients received the entire adequate course of i.v. polymyxins to allow any sound statistical analysis. Moving forward, future studies, preferably controlled and randomized trials, with larger numbers of patients will be required to validate our results.
Conclusions. This is the first study to review and compare the clinical efficacy of MCBT-guided polymyxin-based antibiotic combination therapy with polymyxin monotherapy and unguided polymyxin combination therapy for the treatment of XDR GNB infections. The use of MCBT-guided polymyxin therapy was associated with rates of infection-related mortality significantly lower than those that occurred after polymyxin monotherapy and unguided polymyxin combination therapy and potentially has a critical role in guiding the future use of polymyxin combinations in patients with XDR GNB infections. The majority of toxicities associated with antibiotic treatment were generally well controlled and resolved upon the discontinuation of treatment. VCT is not associated with an increased risk of ADRs compared to the risk with NVCT and MT. Further prospective studies, preferably randomized trials, with larger patient populations are necessary to validate the efficacy and safety of MCBT-guided polymyxin combination therapy. 
